Differences in aortic impedance between normotensives and hypertensives are not well characterized. We examined impedance in 8 normotensive and 11 hypertensive (mean 96.7 vs. 122.2 mmHg) age-matched, Chinese patients undergoing cardiac catheterization at rest, during nitroprusside, and handgrip exercise before and after beta blockade (propranolol). Hypertensives had higher resistance (2,295 vs. 1713 dyn-s/cm5), characteristic impedance (145.7 vs. 93.9 dyn-s/cm5), total external power (1,579 vs. 1174 mW), peripheral reflections (ratio of backward to forward wave components of 0.54 vs. 0.44), and first zero crossing of impedance phase angle (4.15 vs. 2.97 Hz). These abnormalities were eliminated with vasodilatation. Differences between groups were not further exacerbated when pressure was increased during handgrip exercise. Beta blockade further increased resistance and reflections. Thus, hemodynamic abnormalities of essential hypertension (increased resistance, reflections, and pulse wave velocity, and decreased compliance) are compatible with an increased vasomotor tone that is further unmasked during generalized beta blockade.
Introduction
Arterial hypertension affects millions of people throughout the world. Vast amounts of time and money have been spent and thousands of papers have been written on better diagnosing, categorizing, and treating this affliction. In contrast, surprisingly few studies have examined in detail the hemodynamic alterations accompanying hypertension ( -4 Many studies have demonstrated that the very early phase of primary or essential hypertension is characterized by a hyperdynamic state with increased cardiac output and normal peripheral resistance (5) (6) (7) . Later one finds an elevated peripheral resistance and normal or low cardiac output (8) (9) (10) . The cardiac sequelae ofhypertension are generally attributed to this increased load imposed on the heart. Peripheral resistance, however, is an incomplete description of the vascular properties; it describes only the nonpulsatile component of the load. Because blood flow is pulsatile, the total load comprises both pulsatile and nonpulsatile components. These load components are accounted for when the impedance concept is used to describe the arterial system (1 1, 12) . Aortic impedance embodies, in addition to resistance, the summated effects of peripheral wave reflections, pulse wave velocity, and aortic stiffness and compliance. Aortic impedance thus has been found to be abnormal when vascular properties in humans are altered by aging (13) , heart failure (14) (15) (16) (17) , coronary artery disease (3) , and some physiological maneuvers (18, 19) .
Consequently, ifthere are significant vascular abnormalities associated with hypertension, aortic impedance in hypertensive subjects should also be abnormal. The few studies describing the alterations in aortic impedance with hypertension, however, have produced conflicting results. O'Rourke (1, 2) suggested that hypertension would increase peripheral resistance, characteristic impedance, and wave reflections, and cause a shift to the right ofthe impedance spectrum, changes that increase both the steady and pulsatile components of the external work. However, very little data from hypertensive animals or humans were presented to substantiate these predictions. Merillon et al. (4) found that compared with normal subjects those with hypertension had greater resistance, wave reflections, and fraction of pulsatile power, and an impedance spectrum further to the right but no difference in characteristic impedance. In contrast, Nichols et al. (3) found that characteristic impedance also was greater in hypertensive as compared with normotensive patients with coronary artery disease. In both of these studies the hypertensive patients were significantly older than the control group and patients in the latter study may also have had peripheral atherosclerotic disease. Consequently, the independent effect of hypertension on aortic impedance cannot be assessed from existing studies.
The purpose of this study was to characterize differences in aortic impedance accompanying essential hypertension without the confounding factors ofdifferent ethnic backgrounds, age, or the presence or absence of atherosclerosis. We thus compared the resting aortic impedances in age-matched normotensive and hypertensive Chinese patients, all ofwhom were likely to be free of atherosclerosis. Moreover, to see if the differences in resting hemodynamics would be exaggerated during acute elevation in blood pressure, we compared the acute response to isometric handgrip exercise. To investigate the influence of smooth muscle tone on resting hemodynamics, we also measured the impedance in the hypertensive group after vasodilatation with nitroprusside. Finally, to test the hypothesis that beta adrenergic blockade results in further exacerbation of the hemodynamic responses we administered propranolol and repeated the resting and isometric exercise in the hypertensive group.
Methods
Patient selection. Candidates for the study were ethnic Chinese who were undergoing diagnostic cardiac catheterization for chest pain syndrome, evaluation of a systolic murmur, or electrophysiologic study for paroxysmal supraventricular tachycardia. The normotensive group was selected from those patients who had no prior history of symptoms related to hypertension, who had normal physical examinations, and who had multiple outpatient blood pressures that were consistently in the normal range (systolic < 140 and diastolic < 90 mmHg, respectively). The hypertensive group was selected from a population with recently diagnosed hypertension (multiple measurements of systolic and diastolic pressures > 140 and 90, respectively). To avoid including patients with secondary hypertension, the hypertensive group included only those patients who had a normal rapid sequence intravenous pyelogram, adrenal echogram, and renal arteriogram. In addition all subjects had normal serum levels of electrolytes, creatinine, urea nitrogen, aldosterone, triiodothyronine (T3), and thyroxine (T4); normal creatinine clearance; and normal urinary excretion levels of electrolytes, vanillylmandelic acid, 17-hydroxycorticosterone, and 17-ketosteroids. All patients gave informed consent for the investigative portion of the study.
Catheterization. All studies were performed after premedication with Benadryl, 50 mg i.m. Both right-and left-heart catheterizations were performed using the percutaneous approach via a femoral vein and artery, respectively. The diagnostic catheterization was completed first, and only those patients with no evidence of hemodynamically significant coronary heart disease (<50% narrowing of any major coronary artery), congenital heart disease, or valvular heart disease were entered into the study.
The methodology for the catheterization and data acquisition was identical to that reported earlier (16) and will be briefly summarized here. After completion ofthe diagnostic portion ofthe study, the standard left-heart catheter was replaced by a specially designed high-fidelity transducer catheter (model VPC 673-D, Millar Instruments Co., Houston, TX). This 7F arterial catheter had two pressure transducers located at 6 cm from the tip. In addition there was an electromagnetic flow velocity sensor located another 3 cm distal to the second pressure sensor. The velocity sensor was connected to a flowmeter (model BL-613 or model BL 61 0, Biotronex Laboratories, Kensington, MD). The flow system had a frequency response that was decreased by 3 db at -75 Hz. The catheter tip was advanced retrograde across the aortic valve to help stabilize the catheter and to keep the sensors in the center of the stream while allowing simultaneous measurement of left ventricular pressure and ascending aortic pressure and flow velocity. After crossing the valve, the catheter was manipulated to obtain an optimal flow velocity signal characterized by a steady diastolic level with maximal systolic amplitude and minimal late systolic negative flow (16) .
The pressure and flow velocity signals during each experimental condition were recorded on analogue tape (3968-A, Hewlett-Packard Co., Waltham, MA) for later offline analysis. The signals were also monitored during the study with both a six-channel monitor (Hewlett-Packard Co.) and a strip-chart recorder. An estimation of ascending aortic cross-sectional area during each stage of the study was obtained from two-dimensional echocardiograms. To minimize drift, before inserting each catheter we soaked and prewarmed the sensors for at least 3 h in saline at 37°C. After withdrawing the catheters from each patient they were reimmersed in the bath to check for baseline drift. The pressure reading at the completion ofthe study, with the pressure sensor barely submerged in the fluid at atmospheric pressure was used as the zero pressure reference signal.
Protocol. Baseline, resting hemodynamics were first recorded in both groups. This measurement was taken at least 30 min after the last injection of contrast medium. To see if the differences in the baseline hemodynamics between the two groups could be exacerbated by a rapidly reversible increase in blood pressure we asked the subjects in both groups to perform isometric handgrip exercise. Pressure, flow, and electrocardiogram (ECG) signals were recorded during a 50% maximal voluntary contraction (MVC)1 for 1 min. The MVC was determined by taking the average of the tensions obtained by three brief maximal contractions prior to beginning the investigative phase of the study. This level of handgrip has been previously shown to produce an increase in blood pressure and heart rate in both normal and hypertensive individuals without increasing peripheral resistance (20, 21) .
To The appropriate calibration factor for each probe was then determined by matching the cardiac outputs obtained from the Fick method with the mean output calculated from the digitized flow signals. In a few patients in whom the cardiac outputs were not available, a calibration factor obtained by averaging the data for that particular probe was used. The noise level of the flow signal was determined for each patient by performing Fourier analysis on the diastolic portions ofthe flow signal. Only flow harmonics with moduli greater than twice the maximum noise level were included in the subsequent calculations. For acceptable beats, the pressure and flow signals were resolved into their Fourier harmonics, and the input impedance modulus and phase angle for each harmonic were calculated as the ratio of the pressure to flow moduli and the difference of the pressure and flow phase angles, respectively. We had previously determined that the combined flow-sensor flowmeter system had I.Abbreviations used in thispaper: MVC, maximal voluntary contraction. a phase lag of 1 .3/Hz, which was accounted for in subsequent calculations. The characteristic impedance (Zc) was estimated by averaging the suitable impedance moduli for frequencies of 4 Hz and higher (16, 17) . Total external power, consisting of both pressure and kinetic terms for the left ventricle, was calculated as previously reported (16) . The oscillatory power, the steady power, and the ratio of oscillatory to total power, indicating the efficiency with which the pulsatile energy was converted into forward flow, were also calculated.
We wished specifically to compare the wave reflection properties of the hypertensive and normal groups. We have previously shown that the reflection characteristics of the arterial tree can be adequately described by calculating the ratio of the backward to the forward component of the pressure wave (28) . This index of reflections is easier to analyze and compare than the more complete but cumbersome reflection spectrum. We thus decomposed the pressure wave into its forward and backward components as described previously (29) and used the ratio of the backward to forward wave to index the magnitude ofthe wave reflection seen in the ascending aorta during each condition.
Statistical analysis. Because the number of subjects was small and there was considerable scatter in some of the derived parameters, we wished to avoid having these "outlying" data points unduly influence the statistical analyses. At the same time, we wanted to avoid having to delete any of the data points based on arbitrary criterion. Rather than using a standard t test for unpaired data with the outliers excluded based on an arbitrary criterion, we thus employed two different statistical tests for significant differences in the resting data between the two groups. We first employed biweight robust regression (30) to estimate and compare the means of the two groups. Robust regression takes the scatter of the data into account and automatically calculates a smooth weighting function that gives more weight to observations near the median and less weight to outlying observations (it is possible for extreme outliers to receive zero weight). This method enables one to arrive at more statistically reliable estimates of the group means and significance of the differences than with either the raw means or the means obtained with outliers accounted for in a more arbitrary manner. We next employed the nonparametric Mann-Whitney rank test, which does not require an assumption about the specific distribution of the data (31) . This test is also more appropriate than the standard t test when there is wide scatter in the data (31).
Since each intervention was immediately preceded by a control state, the effect of an intervention within each group was analyzed by using paired t tests. The effect of an intervention between the two groups was tested by using unpaired t tests on the individual changes in each group. Differences were considered significant at the P = 0.05 level.
Results 69 patients were entered into the study (58 hypertensive and 11 normotensive). Ofthese, 19 patients whose data met our criteria of suitability for analysis constituted the study groups. The normotensive group consisted of seven men and one woman, aged 30 to 56 yr (mean age of42 yr). The hypertensive group consisted of six men and five women with essential hypertension aged 25-53 yr (mean age of 35 yr). Most of the hypertensive patients (9 of I 1) were newly diagnosed and had never been treated with any antihypertensive medication. The other two had stopped using these drugs for at least 3 wk before the investigation. the higher resistance that is present with essential hypertension, ie hypertensive patients were considered to have essential the hemodynamic picture thus is consistent with a vasculature nsion on the basis of the previously described workup.
that has more wave reflections, a higher pulse wave velocity, averaged spectrum of impedance modulus and phase and decreased compliance. )r the groups are illustrated in Fig. 1 . For clarity, only groups beyond those that were already present at rest. Fig. 2 illustrates the averaged impedance spectra for the hy-0 -pertensive subjects before and after acute administration of intravenous propranolol. The complete hemodynamic responses are summarized in Table V . Propranolol induced small but statJI ; --V ,tistically significant increases in aortic systolic, diastolic, and mean pressures. There were concomitant decreases in heart rate soand total external power. Of most interest, however, was the finding that there were significant increases in resistance, in the FREQUENCY (Hz) lower frequency impedance moduli, in left ventricular end-di-1. Averaged resting impedance moduli and phase angle spectra astolic pressure, and in both the magnitude ofthe reflected wave normal subjects (solid symbols and line); for the hypertensive and the ratio of the backward to the forward wave. Comparisons with other studies. Before discussing the implications of our findings it is important to put our study into perspective with previous studies. First, our normal and hypertensive groups did not differ significantly in age. If anything, the hypertensive patients tended to be somewhat younger than those with normal blood pressure. This is in contrast to the two pre-_ s l <°~~~~~~~~~vious studies of aortic impedance in human hypertension (3, 4) in which the hypertensive group in each case was significantly
older than the normal or control group. This difference in study populations is important in view of studies indicating that aging itself may be associated with distinct alterations in the aortic impedance spectrum (13) . We feel that the likelihood of signif- with values ranging from 4 to 8% found in these earlier studies.
The first zero crossing of the phase angle in our study was 3.0 Hz, which is somewhat lower than the values of 3.1 to 4.3 previously reported. Since linear extrapolation was used to estimate the zero crossing, this small difference among the various studies is probably not significant. We thus feel that our normal population was comparable to those of other laboratories. The abnormalities in the impedance spectrum in our hypertensive population, with some exceptions as denoted below, were in general agreement with the findings of previous studies (3, 4) . These studies all demonstrated an elevated resistance, a rightward shift of thefo and an elevation in low frequency components of the spectrum. In very early essential hypertension, the earliest hemodynamic abnormalities are an elevated cardiac output with a normal resistance (5-7). The mechanism for the elevation ofcardiac output is not clearly established but appears to be due primarily to an elevated heart rate (22) , possibly on a neurogenic basis. In chronic essential hypertension cardiac output either returns to normal or falls below normal while peripheral resistance becomes elevated (8-10). Since we found that heart rate and cardiac output were not elevated but that resistance was increased, the patients in our hypertensive population, despite their relatively young age, should properly be categorized with chronic hypertension.
There are, however, some differences between our results and those previously described. First, Merillon et al. (4) found a higher than normal ratio ofoscillatory to steady power in their hypertensive population. In six of their hypertensive patients given nitroprusside, all the impedance abnormalities normalized except that the elevated percentage of oscillatory power persisted. They attributed this persistent elevation in pulsatile power to either a remaining stiffness of the aortic wall or a more pulsatile flow wave becoming manifest after vasodilation. In contrast, we found no difference between the groups in the fraction of oscillatory power either before or after nitroprusside. We have no clear explanation for the differences in our results compared with theirs other than the small numbers of patients examined in that study. In fact, the ratio ofoscillatory to mean power after administration of nitroprusside decreased in five oftheir six patients. Had more subjects been studied, their conclusions might have been different. Second, Merillon et al. (4) did not find characteristic impedance to be elevated in their hypertensive group as compared to their normals. In contrast, Nichols et al. (3) found an elevated characteristic impedance in both their normotensive and hypertensive groups with coronary artery disease as compared with normal subjects without coronary artery disease. The number of subjects in this latter study, however, was small so that no statistical analysis of the data was performed. We found, in While it is clear that wave reflections can affect the contour of the pressure and flow waves (19, 33) , the consequences of increased wave reflection on the heart have not been documented. Specifically, how reflected waves affect the heart depends upon both their amplitude and timing. Large elevated reflections together with a low pulse wave velocity, such as found in children or in some animals (34) , may augment aortic diastolic pressure and thereby increase diastolic coronary artery driving pressure, which would be beneficial to the heart. In contrast, with both increased magnitude and increased pulse wave velocity, the reflections are likely to be manifested during ventricular systole and produce an additional load on the ejecting heart. How much this small pressure effect influences ventricular ejection is not clear. Recent simulation studies from our laboratory using data from senescent beagle dogs, support the possibility of a deleterious effect of early, large reflections on stroke volume (35) . In a heart ejecting from the same end-diastolic volume to the same mean end-systolic pressure, the stroke volume was a few percent lower for the beat associated with increased wave reflection and pulse wave velocity than one with less reflection. It is intriguing to speculate that the long-term combined effect of increased reflections and pulse wave velocity may play a role in the cardiac sequelae of hypertensive heart disease.
It is generally considered that resistance and wave reflections are associated. That is, when resistance decreases, the amount of reflections decreases and vice versa. Our data, however, also indicate that this relationship may not always be concordant. After beta blockade both the resistance and wave reflections increased. Adding handgrip exercise to beta blockade further increased resistance but did not increase wave reflections. One explanation for this finding is that handgrip exercise produces a localized increase in resistance (26) (27) found that elevated resting cardiac outputs and heart rates in a group of patients with borderline hypertension were partially normalized after propranolol infusion but were only completely normalized when atropine was added to the beta blockade. More recently, Levenson et al. (25) an increase in total peripheral resistance, whereas only selective beta blockade produced an increase in forearm resistance and a decrease in forearm blood flow. Because the large vessel calibers were normal in the hypertensive group, they concluded that there was either a higher degree ofvascular tone or there was decreased distensibility in this group.
The rightward shift ofthe impedance spectrum in hypertension was predicted by O'Rourke and was also found in the two previous studies in man (1) (2) (3) (4) . This shift is a manifestation of greater pulse wave velocity and has been observed in other instances, such as aging, where arterial stiffness is presumably increased (13) . The increase in characteristic impedance is also compatible with increased aortic stiffness in the hypertensive group. This parameter is only an indirect index ofaortic stiffness because of the competing effects of arterial size and stiffness on characteristic impedance. That is, with increasing muscle tone the vessel wall gets stiffer but its diameter may decrease. Depending upon where on the nonlinear pressure-volume relationship the vascular system is operating, the net effect of an increase in pressure could be no change, an increase, or a decrease in the calculated characteristic impedance.
Our study, like the two earlier ones in human hypertension (3, 4) , also found an increase in the low-frequency harmonics of the impedance spectrum. Studies in animals (37) and in the three-element Windkessel model of the vasculature (38) show that an increase in the low frequency harmonic of impedance is a manifestation of either a decreased proximal aortic compliance or increased wave reflections. Because Fourier series analysis limits the amount of low frequency data to multiples of the fundamental frequency, we used the amplitude of Z, as an index of the low fiequency portion of the impedance spectrum. An increase in Z, was seen in each instance that blood pressure increased even in cases where there were no increases in wave reflections. This suggests that the decrease in compliance is due to moving upward on a nonlinear portion of the aortic pressure-volume relationship. However, since we did not measure aortic compliance, we could not evaluate the separate contributions of decreased compliance and increased wave reflections to this increase in Z1. Regardless, animal studies suggest that decreased compliance alone cannot be the primary mechanism for diastolic hypertension since a pure decrease in compliance would lower rather than increase diastolic aortic pressure (39) .
With regard to therapeutic implications, although the exact mechanism by which beta blockade decreases blood pressure remains uncertain, it is an increasingly common mode of therapy. Our results show that peripheral reflections are increased after acute beta blockade. Whether this hemodynamic alteration occurs with chronic therapy and whether this would produce a deleterious long-term effect are not known. We also have not examined the detailed hemodynamic effects of other antihypertensive agents. Nevertheless, our study suggests that, especially in elderly patients in whom vascular abnormalities may already be present, treatment of the blood pressure alone, without consideration of other vascular consequences, may not be the ideal approach.
Limitations ofour study. There are some limitations of our study that deserve further considerations. Our results pertain only to acute alterations induced by handgrip exercise and the pharmacological interventions employed in the catheterization laboratory. Clearly this setting may induce some anxiety and may not represent a true baseline condition. Further, how much the mild sedative affects the hemodynamic results is difficult to assess. Most importantly, some studies suggest that the acute and chronic effects of beta blockade on blood pressure differ (24) . We found, as have other studies, that there was a slight increase in blood pressure after acute intravenous beta blockade (23, 40). Thus, we cannot predict how the impedance and reflections would be altered after chronic treatment with beta blockers where pressure would presumably be lowered.
From the standpoint of data analysis, use of standard Fourier analysis methods for calculating impedance limits the available data to discrete harmonics. This not only provides very little data in the low frequency range of the spectrum but, as discussed earlier, produces a certain degree of uncertainty in the calculations of characteristic impedance and the zero crossing of the phase angle. The fact that our findings generally confirm those of others, however, lends support to the validity of our data.
We have purposely not estimated values of compliance from our hemodynamic data. Many previous studies have calculated compliance by assuming that the diastolic aortic pressure decay is an exponential function of time (41) . We recently critically examined the assumptions for this method underlying estimating compliance and concluded that any slight deviations from a monoexponential function would introduce large errors in the compliance estimates (42) . We proposed a new method for estimating compliance but this approach depends upon the value of a parameter(s) derived from the pressure-volume relation of the aorta. Since we do not know how this parameter(s) is modified with hypertension or with the different interventions employed in the current study, we feel that further work needs to be completed before the method can be applied to data such as these.
In summary, our results demonstrate distinct differences from normal in the arterial hemodynamics of patients with hypertension. In addition to the well-documented higher arterial resistance, the aortic impedance at rest is characterized by a larger modulus of the first harmonic, higher characteristic impedance, a rightward shift of the entire spectrum, and greater wave reflections. These abnormalities are all eliminated with nitroprusside. During generalized beta blockade there are further increases in resistance, first modulus ofimpedance, and in wave reflections. These vascular abnormalities could not all be attributed to higher blood pressure. Rather, our data suggest that some ofthe altered hemodynamics in hypertensives can be attributed to an increased smooth muscle tone that is further unmasked during beta blockade.
